LY 294002 (80 mol/L), an inhibitor of phosphoinositide 3-kinase, was used to investigate the involvement of this enzyme in the insulin-mediated regulation of very low density lipoprotein (VLDL) apolipoprotein B (apoB) output from cultured rat hepatocytes. Newly synthesized apoB was pulse-labeled with [ 35 S]methionine and was then allowed to assemble, via an intermediate precursor stage, into mature VLDL during subsequent chase periods. Brefeldin A (BFA, 0.2 g/mL) was used to discriminate between the role of insulin in the regulation of the early, compared with the later, events of VLDL assembly, including apoB degradation. Insulin (78 nmol/L), when present during the pulse-labeling and subsequent chase periods, inhibited the secretion of apoB-100 and apoB-48 as VLDL by 53% and 56%, respectively. Degradation of both was concomitantly increased. Secretion of high density lipoprotein apoB, derived from VLDL precursors, was relatively unaffected under these conditions, as was the net synthesis of apoB-100 and apoB-48. The presence of BFA during the pulse-labeling period and subsequent chase period prevented the maturation of VLDL in the insulin-treated and the non-insulin-treated cells. BFA was then removed, allowing the maturation of VLDL to proceed. Removal of insulin at this stage reversed the overall inhibitory effect of insulin. Furthermore, when insulin remained present during this period, the simultaneous presence of LY 294002 also reversed the inhibitory effect of insulin on VLDL apoB output and abolished the increase in apoB degradation. The results suggest that insulin signaling via phosphoinositide 3-kinase inhibited the maturation phase of VLDL assembly by preventing bulk lipid transfer to a VLDL precursor, thus enhancing the degradation of apoB. There was no inhibition of the conversion of newly synthesized apoB into the VLDL precursor form. (Arterioscler Thromb Vasc Biol. 2001;21:1656-1661.) 
I nsulin inhibits VLDL output from cultured primary hepatocytes of rats and humans and of apoB from the human hepatoma cell line HepG2 (see review 1 ). Exogenous insulin administration also suppresses the secretion of VLDL triacylglycerol (TAG) and apoB in vivo in humans 2 by a mechanism only partly dependent on decreased hepatic fatty acid flux. 3, 4 Insulin resistance results in failure to suppress the secretion of VLDL. 5, 6 This abnormality partly accounts for the increased hepatic VLDL output and hyperlipidemia associated with insulin-resistant states, such as type II diabetes and obesity. 7 In cultured hepatocytes, decreased apoB secretion is associated with an increased intracellular degradation of apoB 8 and involves phosphoinositide 3-kinase (PI3-K), as shown by use of inhibitors such as wortmannin and LY 294002. 9, 10 Synthesis of VLDL from apoB is thought to occur in at least 2 distinct stages. The first stage involves stabilization of translocating apoB, locking it into a conformation that favors subsequent lipid addition. 11, 12 This conformation effectively requires interaction between newly translocating/translocated apoB and lipids, possibly in the endoplasmic reticular membrane. 11, 12 The second stage requires transfer of a large quantity of TAG to this stable VLDL-precursor form of apoB, resulting in a fully mature particle of VLDL. [11] [12] [13] It is not known which of these stages is inhibited by insulin.
The fungal metabolite brefeldin A (BFA) interrupts anterograde vesicular transfer between intracellular organelles in secretory cells 14, 15 and acts primarily by inhibiting the activity of a GTP-exchange protein associated with ADP-ribosylation factor-1, a small GTPase. 16 In addition, BFA, at a lower concentration, specifically inhibits the bulk transfer of lipid to the small apoB-containing VLDL precursor with the density of HDL. However, the formation and secretion of apoB-HDL is largely unaffected. 11, 12, 17, 18 The use of BFA to selectively interrupt VLDL assembly in this way was exploited to determine whether insulin suppressed the overall process of VLDL assembly by specific inhibition of the bulk lipid addition stage and, if so, whether PI3-K was involved. LY 294002 was the PI3-K inhibitor chosen for these experiments. 10
Methods
The Methods section can be accessed online at http:// atvb.ahajournals.org.
Results

Insulin Suppresses Secretion of VLDL ApoB but Not HDL ApoB
Previous studies have shown that in a variety of in vitro models, some hepatic apoB is secreted as particles of HDL density as well as VLDL density. 11, 19 In the present primary culture system, most of the apoB that was secreted into the densityϾ1.006 infranatant fraction of the cell medium was associated with particles in the HDL-density range (see 8 online experimental references at http://atvb.ahajournals.org). Under these conditions, an elevated insulin concentration in the cell medium resulted in a decreased secretion of newly synthesized VLDL apoB-48 and VLDL apoB-100 during the 4-hour chase ( Figure 1 ). There was no suppression of either newly synthesized HDL apoB ( Figure 2 ) or albumin (data not shown), and there was no effect on the incorporation of [ 35 S]methionine into cellular apoB-100 and apoB-48 (115Ϯ20% and 112Ϯ31% of controls, respectively). In controls, LY 294002 alone had little or no effect on the VLDL secretion of apoB ( Figure 1 ). In the presence of 78 nmol/L insulin, LY 294002 not only reversed the inhibition but also appeared to stimulate VLDL production, particularly apoB-48 (PϽ0.02), for which secreted levels were 4-fold higher than in the dishes containing 78 nmol/L insulin only, during the 4-hour chase ( Figure 1 ). Under these conditions, the secretion of HDL apoB-48 was significantly decreased (Figure 2 ), suggesting a common precursor for both these types of secreted apoB-48.
The reason for this additional effect of LY 294002 on the secretion of apoB-48 as VLDL and HDL is not clear, and we cannot rule out the possibility that LY 294002 affects a process(s) other than PI3-K-mediated insulin signaling. The mechanism of VLDL apoB-48 particle assembly differs subtly from that of VLDL apoB-100. 18 Perhaps the different mechanism that characterizes the former process is susceptible to an LY 294002-dependent event not involving PI3-K, which may also be responsible for the trend toward an increased HDL apoB output in the presence of LY 294002 alone ( Figure 2 ).
When Early and Late Stages of VLDL Assembly Are Uncoupled, Addition of LY 294002 During Late Stage Abolishes Overall Inhibitory Effect of Insulin
In the experiment described above, LY 294002 was added only at the end of the initial 30-minute chase. During this first chase, the initial but not the final stage of the overall VLDL assembly process had been completed. Thus, PI3-K was inhibited only during the subsequent 4-hour chase encompassing the bulk lipid addition step. This experiment suggested that insulin signaling through PI3-K inhibited only the last stage of VLDL assembly. For verification, 2 further experiments were carried out in which BFA was used to specifically suppress any bulk lipid addition that might have occurred in the first experiment during the pulse label and 30-minute chase. A low (0.2 g/mL) concentration of BFA, which inhibited only the maturation phase of VLDL synthesis but not the entire secretory process, was chosen. 11 When BFA was present during the pulse and subsequent chase periods, the secretion of VLDL apoB-48 and apoB-100 was inhibited by 82.3Ϯ5.2% and 86.3Ϯ3.0%, respectively, of control values, which were 1169Ϯ691 and 1267Ϯ557 dpm, respectively (PϽ0.001 and PϽ0.002, nϭ3). The secretion of HDL apoB-48 and apoB-100 were not significantly suppressed (29.4Ϯ10.4% and 22.2Ϯ29.8% decrease, respectively, compared with the control values, which were 2657Ϯ1274 and 1855Ϯ899 dpm, respectively). Neither was the secretion of albumin affected under these conditions (data not shown). Removal of BFA at the end of the first 30-minute chase abolished the inhibition of the maturation phase, and VLDL apoB secretion was reestablished, with a 2.9Ϯ0.4-fold greater secretion of apoB-100 and 3.2Ϯ1.3-fold greater secretion of apoB-48 VLDL compared with that in the presence of BFA. HDL apoB secretion is resistant to the inhibitory effect of insulin. Hepatocytes were pulse-labeled and chased as described in Figure 1 in the presence or absence of 78 nmol/L insulin, with or without the addition of LY. Labeled HDL apoB secretion, for each condition, is expressed as a percentage of that secreted by the 0.1 nmol/L insulin controls (1855Ϯ899 and 2657Ϯ1274 dpm for apoB-100 and apoB-48, respectively). *PϽ0.05 vs control value (nϭ3).
Cells cultured in the presence or absence of insulin as described above were exposed to BFA during the pulse and first (30-minute) chase. Conditions for the completion of VLDL assembly were then established by removal of BFA. In the first of these experiments, when insulin was removed from cultures that had been pretreated with insulin, the secretion of either form of VLDL apoB was no longer inhibited ( Table 1 ). In fact, a small, but significant, stimulatory effect was observed on the secretion of both apoB isoforms.
In the second experiment, insulin signaling via PI3-K was abolished by the addition of LY 294002 to the 78 nmol/L insulin-containing cell cultures simultaneously with the removal of BFA at the start of the 4-hour chase. The secretion of VLDL apoB-48 and VLDL apoB-100 was then compared with that observed when insulin alone was present throughout. Figure 3 shows that 78 nmol/L insulin alone significantly suppressed the secretion of VLDL apoB-48 and apoB-100 by 56.0Ϯ8.0% and 53.3Ϯ1.9% of control values, respectively. The addition of BFA during the pulse and chase periods further suppressed VLDL apoB secretion. Removal of BFA from the insulin-containing cultures, at the start of the 4-hour chase, restored VLDL apoB secretion to that observed in the presence of insulin alone. Under these conditions, when the PI3-K inhibitor was added, the rate of VLDL apoB secretion exceeded that observed in the presence of insulin alone (PϽ0.02). Secretion of VLDL apoB-48 was now indistinguishable from that observed in the 0.1 nmol/L insulin controls (Figure 3 ), although the secretion of apoB-100 remained somewhat (but not significantly) suppressed. Although when insulin was present, removal of BFA during the second chase restored VLDL apoB secretion (Figure 3 ), this was not the case when insulin was absent. Perhaps, in the presence of BFA, insulin stimulated the formation of the VLDL precursor so that more was available at the start of the maturation phase. This explanation is supported by the data shown in Table 1 , in which insulin was present with BFA only during the formation of the VLDL precursor. In this experiment, the output of VLDL apoB was increased compared with that of the low insulin control during the maturation phase.
Changes in VLDL ApoB Secretion Are Associated With Reciprocal Changes in Cellular ApoB Degradation
Despite the decreased output of newly synthesized VLDL apoB in the presence of the high insulin concentration, there was no accumulation of labeled apoB within the cell and no compensatory increase in the secretion of HDL apoB ( Figure  2 ). Summation of the amount of labeled apoB secreted and that remaining in the cell between the beginning and the end of the 4-hour chase confirmed that increased intracellular degradation was responsible for the deficit. Compared with the 0.1 nmol/L insulin controls, in which recoverable disintegrations per minute were 3707Ϯ1199 and 4883Ϯ1828 for apoB-100 and apoB-48, respectively, only 77Ϯ5.2% (PϽ0.05) and 74.7Ϯ9.0% of apoB-100 and apoB-48, respectively, were recovered in the presence of 78 nmol/L insulin (Figure 4 ).
Similar calculations revealed that when VLDL apoB secretion was restored by LY 294002, the increased insulinmediated degradation of apoB was abolished. Thus, in the experiment described in Figure 3 , in which BFA was used to uncouple the early and late phases of VLDL assembly, the addition of LY 294002 to the insulin-treated cells did not result in increased degradation compared with the low (0.1 nmol/L) insulin controls treated in an identical manner (Figure 4 ).
Insulin Inhibits VLDL TAG Secretion, and This Inhibition Is Abolished by LY 294002
VLDL TAG secretion was decreased by 28.7Ϯ0.3% (PϽ0.01) when 78 nmol/L insulin had been present throughout. The addition of LY 294002 during the final (4-hour) Figure 3 . Suppression of PI3-K activity during maturation of VLDL from its precursor reverses the overall inhibitory effect of insulin on VLDL assembly. Hepatocytes were preincubated for 2 hours with or without 78 nmol/L insulin and then pulse-labeled with [ 35 S]methionine for 30 minutes in the presence or absence of BFA (0.2 g/mL). The cells were then chased with excess (10 mmol/L) unlabeled methionine for 30 minutes in the presence or absence of BFA. The medium was then removed, and a final chase medium was added (second chase) again with or without BFA and in the presence or absence of LY. Where insulin was initially present at 78 nmol/L, this concentration was continued throughout the experiment. VLDL apoB secretion, for each condition, is expressed as a percentage of that secreted by the 0. Primary hepatocytes were treated with insulin (78 nmol/L) for 2 h. At the start of the pulse label, BFA (0.2 g/mL) was added and was present until the end of the first chase. Insulin was then removed from some of the dishes, and the secretion of VLDL apoB was measured during the second chase (4 h). Control values for apoB-100 and apoB-48 were 502Ϯ45 and 1019Ϯ412 dpm, respectively. *PϽ0.05 vs controls.
chase abolished insulin inhibition, and in this case, secretion was 95.5Ϯ5.3% of the control value. Under these conditions LY 294002 alone, in the absence of the high insulin concentration, had no effect on VLDL TAG output ( Table 2 ). In these experiments, insulin inhibited the secretion of TAG less than the secretion of newly synthesized apoB, an effect that possibly resulted in the secretion of more highly lipidated VLDL particles.
Discussion
ApoB-containing lipoproteins are assembled in at least 2 stages. 11, 13, 17 The first of these, with the initiation step resulting in VLDL precursors, involves the folding of apoB into a precise secretion-competent conformation by interaction with the membrane lipids of the endoplasmic reticulum. 17 In the present work, particles similar to the VLDL precursors were secreted in association with the HDL fraction of the medium (Figure 2) , as has been shown previously. 18, 19 The second step, the maturation phase, depends on fusion of the VLDL precursor with a neutral, lipid-rich, apoB-free particle to produce full-size VLDL. 17 Insulin inhibits the overall assembly of VLDL from apoB (see review 1 ) by a mechanism that involves an increase in apoB degradation. Insulin injection directly into the portal vein in humans decreases VLDL output into the hepatic vein. 4 A postprandial decrease in splanchnic VLDL output after an oral glucose load has also been reported, 20 and increased portal insulin resulting from tolbutamide infusion suppresses VLDL output in human subjects. 21 Indirect evidence suggests that in the postabsorptive state after a decrease in portal insulin concentration, there is an increased mobilization of stored hepatic TAG for secretion as VLDL. 22, 23 Direct measurements in rats after a glucose load when portal insulin levels might be expected to rise also show a decreased VLDL output. 24 Presently, no study has ascertained which stage of VLDL assembly is inhibited by insulin. Overall suppression of apoB secretion by insulin in hepatocytes requires an activation of PI3-K, 10 as shown by LY 294002 inhibition of this pathway. In the present work, initial experiments showed that insulin inhibited the secretion of pulse-labeled apoB-48 and apoB-100 as VLDL (Figure 1) but not small HDL-like particles, which are similar to, or identical with, the VLDL precursor form (Figure 2 ). This indicated an inhibitory effect of insulin at a stage after the formation of the VLDL precursor, as did the fact that the addition of the PI3-K inhibitor LY 294002 to insulin-treated cells after precursor formation abolished the inhibitory effect of insulin on the secreted VLDL apoB (Figure 1) .
The overall pathway of VLDL synthesis remained intact in the above experiments, and it was not possible to study exclusively 1 particular step of the overall process. This difficulty was overcome by using BFA to isolate the early from late stage(s) of VLDL assembly. Previous work with McArdle RH 7777 cells showed that a low concentration of BFA specifically suppressed the bulk lipid addition step but left the formation of the precursor form unaffected. 11 BFA removal, at this stage, reestablished synthesis of the mature VLDL. These observations provided an opportunity to study the role of insulin signaling through PI3-K specifically at the bulk lipid addition step in primary hepatocyte culture. Thus, in the present work, a BFA concentration of 0.2 g/mL selectively suppressed the secretion of VLDL apoB-48 and apoB-100 but had no effect on the secretion of labeled albumin. There was little effect on the secretion of small HDL apoB particles. Restoration of VLDL assembly was demonstrated by removal of BFA after the pulse and first (0.5-hour) chase, when an Ϸ3-fold increase in VLDL apoB-48 and apoB-100 secretion was seen during the subsequent 4-hour chase (Figure 3) .
Specific inhibition of the maturation phase of VLDL assembly did not increase the secretion of HDL apoB particles. Instead, apoB degradation was increased by 30Ϯ9% for apoB-100 and by 20Ϯ2% for apoB-48 compared with that in low-insulin controls (nϭ3, PϽ0.05). This probably resulted from retention of apoB in a subcellular compartment accessible to proteases normally responsible for posttranslational degradation of apoB. 25, 26 When BFA abol- ished VLDL maturation, insulin did not further increase apoB degradation (results not shown). Abolition of insulin signaling during this period of maturation after removal of BFA made it possible to distinguish the inhibitory effect of insulin either during VLDL precursor formation and during bulk lipid addition. In the present experiments, insulin signaling was terminated in 2 ways. First, removal of insulin during the maturation phase abolished inhibition of VLDL assembly ( Table 1 ). The second way involved addition of the PI3-K inhibitor LY 294002, in which insulin failed to inhibit the maturation of VLDL, as shown by VLDL apoB output during the 4-hour chase ( Figure  3 ). Net synthesis of apoB was unaffected by insulin during the pulse-labeling period (results not shown). The small stimulation of VLDL apoB secretion, when insulin was removed during the maturation phase, suggested that the early step of VLDL synthesis was actually enhanced by insulin ( Table 1) .
The present results suggest that the insulin-mediated degradation of apoB shown previously 8 resulted from a failure to achieve bulk lipid addition to the VLDL precursor. When this step was restored by preventing the PI3-K-mediated transduction of the insulin signal, enhanced apoB degradation was no longer observed ( Figure 4 ). It is becoming increasingly clear that intracellular apoB is susceptible to degradation, not only translationally and immediately posttranslationally (as was originally thought) but at all stages during its assembly into VLDL. 26 If the inhibitory effect of insulin is limited to the maturation phase of VLDL assembly, it is not yet clear whether this results from a defective transfer of TAG into the apoB-free particle or from a defective fusion process per se. The cytosolic TAG storage pool is the major source of VLDL TAG (see review 27 ). Insulin enhances the recycling of fatty acids liberated by lipolysis of cytosolic TAG back into the cytosolic storage pool at the expense of transfer into the secretory pool, the probable source of the apoB-free lipid precursor of VLDL. 27 Inhibition of microsomal triglyceride transfer protein has a similar effect. 28, 29 The molecular mechanisms involved in VLDL maturation remain far from clear. However, recent work has provided evidence of an obligatory role for phosphatidic acid, 30 which results from the ADP-ribosylation factor-1-mediated stimulation of phospholipase D. 31 This mechanism would account for the observed conversion of cellular phosphatidylcholine into VLDL TAG. 32 In summary, the present work provides 3 lines of evidence that the inhibitory action of insulin on the overall synthesis of VLDL is limited to the bulk lipid addition stage. First, interference with insulin signal transduction, after the initiation phase of VLDL synthesis had been completed, abolished the normal insulin-dependent inhibition of VLDL assembly. Second, under these conditions, insulin was no longer able to stimulate the intracellular degradation of apoB. Finally, insulin had no inhibitory effect on the synthesis and secretion of dense apoB-containing particles possibly related to the VLDL precursor particles. Further support for the above conclusion was provided by the observation that removal of insulin from the culture medium, after the initial phase of VLDL assembly had been completed, increased the subsequent rate of VLDL apoB secretion.
